Introduction

Study objectives and design
Rising nitrate concentrations in public supply wells continue to present a serious threat to drinking water in California. Public supply wells nearly always exhibit a broad distribution of groundwater age and in many settings, the age distribution determines the evolution of nitrate concentrations in produced groundwater. Wells exhibiting very young apparent groundwater age are expected to show a rapid response to nitrate applications at the surface. Wells with intermediate ages may show a slower response and long term upward trends following nitrate application. Wells with old ages are expected to show continuous dilution of nitrate by water that is very low in nitrate -a recent GAMA special study (Visser et al., 2013) showed that California public supply wells producing 'tritium-dead' groundwater, in which more than 80% of the water was recharged before 1950, nearly always produce low-nitrate groundwater. Groundwater age distributions may therefore be applied to forecast future nitrate concentrations in public supply wells when combined with historical records of nitrate concentrations for the wells. Examination of age distributions and nitrate concentrations can also be used to predict the expected effects of a reduction in nitrate loading to the water table on concentrations at a well, following implementation of best management practices or following changes in land use.
In this study, public supply wells from Turlock, CA were sampled for multiple age tracers. Multiple tracers are applied to characterize differently-aged groundwater components in an effort to constrain the age distribution to the extent possible. Additional analyses conducted were related to the source and fate of nitrate, since nitrate applied at the surface may not be transported conservatively if denitrification is taking place. The land use history in and near Turlock was examined in order to qualitatively assess the history of potential sources of nitrate to groundwater. Finally, tracer observations and records of nitrate concentrations in wells were input into Tracer LPM (Jurgens et al., 2011) , a spreadsheet program that allows testing of various lumped parameter models of age distributions, visualization of age distributions and calculated apparent ages, and forecasting of future nitrate concentrations in individual wells.
Groundwater residence time tracers
Dissolved noble gases (helium, neon, argon, krypton and xenon) in groundwater provide a snapshot of groundwater recharge conditions. Noble gases are transported conservatively in saturated media, providing a long term record. Altitude and temperature control noble gas solubility. Water level fluctuations cause bubble entrainment in the unsaturated zone and noble gas super-saturation, known as excess air. These properties make dissolved noble gases especially well-suited to examining recharge processes and groundwater transport [Manning and Caine, 2007; Plummer et al., 2001; Manning and Solomon, 2005; Rademacher et al., 2001 Rademacher et al., , 2005 Singleton and Moran, 2010] .
The primary sources of noble gases dissolved in natural waters are equilibration of water with the atmosphere and the decay of several radioactive isotopes (OZIMA and PODOSEK, 2002; PORCELLI et al., 2002) . The abundances of the heavier noble gases (Ne, Ar, Kr, Xe) in groundwater are due primarily to atmospheric equilibration of water during groundwater recharge and excess air formation, and their elemental abundances are directly related to the temperature and altitude of the groundwater recharge location. (Schlosser et al., 1989) , mantle helium (   3   He and   4 He) and tritium decay (tritiogenic 3 He). The abundances of the helium isotopes are directly related to the age of the sample -the time since last contact with the atmosphere.
When combined with measurements of tritium, helium isotopes provide a means of quantifying the apparent 3 H/ 3 He groundwater subsurface residence time, or groundwater age, over a time scale of about 55 years. Radiogenic helium is also a tracer for groundwater age, typically in the range of 10 3 to 10 6 years (Marine, 1979) .
Complications associated with terrigenic sources of helium in California groundwater basins call for alternate age tracers of young groundwater. The production and processing of nuclear fuel releases
85
Kr into the atmosphere, and atmospheric concentrations of
Kr have increased steadily since the advent of the nuclear age ( Figure 1 ). Groundwater studies have demonstrated that 85Kr is a reliable age tracer and a valuable complement to tritium (Ekwurzel et al., 1994) .
Kr has a half-life similar to that of tritium but has dramatically increased in the atmosphere over the last fifty years, while tritium concentrations in precipitation peaked in the 1960s. Collecting and preparing samples and analyzing 85 K, however, is complicated because of its low isotopic abundance (10 -15 of total krypton) and the low concentration of total krypton in water. The process involves extracting and collecting dissolved gas from several cubic meters of groundwater at the point of collection, followed by the separation of Kr from hundreds of liters of collected gas. Analysis involves counting 85 Kr on special low-level scintillation counters.
Sulfur-35 has a relatively short half-life of 87 days, and its presence in groundwater suggests that the water is likely from recent precipitation.
35
S forms in the atmosphere through cosmic ray spallation with 40 Ar. In the atmosphere it is oxidized to sulfate (   35   SO 4 2-), and through precipitation, falls onto the land, and infiltrates into the groundwater. Sulfate, in this anionic form, is relatively conservative in the groundwater and may be a useful tracer for shallow groundwater systems.
Carbon-14 is a useful tracer for dating post-modern, very old groundwater. The half-life of 14 C is 5,730 years, and the age determination limitation is approximately 40,000 years. 14 C is produced in the atmosphere (almost constantly) due to interaction of cosmic rays with atmospheric nitrogen. The radioactive carbon bonds with oxygen to form CO 2 , which then infiltrates into the aquifer via precipitation. The geochemistry of 14 C in the groundwater is complex and ages are apparent. The apparent age determination in calculated by using the following equation: t = -8267 log (δ 14 C final / δ 14 C initial ). Turlock, 2012) , which are large users of N fertilizers. In 2012, Turlock used over 46,000 acre-feet of groundwater for urban purposes and 460,000 acre-feet of groundwater for agriculture. Groundwater accounts for all of Turlock's drinking water, and with average nitrate levels rising from 12 mg/L to 21 mg/L in the last twenty years, contamination has become a major concern with regard to the drinking water supply. Within the last ten years, two wells were closed due to nitrate levels exceeding the MCL of 45 mg/L (TGBA, 2008) . Figure - shows one example of the rising trend of nitrate from a production well in Turlock (GAMA Geotracker, 2014) . 
Methods
Sample collection
Water samples were collected according to LLNL-GAMA standards (Moran et al., 2004) , directly from the sampling port of the production wells. At each well, field parameters were measured (upon stabilization) during collection using an YSI multi-probe field meter, these parameters include: pH, temperature (C°), conductivity (μS/cm), oxygen-reduction potential (mV), and dissolved oxygen (mg/L).
A groundwater sample for analysis of dissolved noble gases is collected by pumping water through a soft copper tube (0.95 cm diameter, 35 cm length) that is subsequently sealed under back-pressure with steel pinch clamps to create a gas-tight cold weld. The cold-welded copper tube typically contains 9.75 grams of water, determined accurately by weighing tube and clamps before and after analysis.
A tritium analysis requires a 1 liter groundwater sample suitable for analysis of tritium is collected without filtration in a one-liter glass bottle. The sample is stored without refrigeration or preservation (acidification, etc.).
Water samples for stable isotopes were collected using 30 mL, clear, square glass bottles with Qorpak™ polyseal-lined cap. The glass bottles were rinsed three times with water directly from the sampling port before being filled. These samples were stored at room temperature as CSU East Bay.
For analysis of sulfur-35, one 20 L carboy was used to collect the water. Tygon tubing was directly attached to the sampling port and the other end of the tube was hose clamped to a .45 micron high capacity plastic disposable filter. The carboy was filled a third of the way up, shaken, and emptied. This procedure was done three times before the final 20 L water sample was collected. These samples were stored at room temperature at LLNL.
For analysis of carbon-14, water was collected in 250 mL amber glass bottles with blue septum caps. These samples were filtered with a high capacity plastic disposable filter using the same filtering procedure as sulfur-35. The amber bottles were rinsed out three times before the final sample was taken with zero headspace. These samples were stored on ice in the field and were refrigerated upon arriving at the LLNL.
Water samples for major anions and isotopes of nitrate were collected in two separate triple rinsed 125 mL Nalgene plastic bottles. Both samples were filtered using a high capacity plastic disposable filter. These samples were stored on ice in the field and samples for major anions were refrigerated and samples for isotopes of nitrates were frozen at LLNL.
For major dissolved gases water was collected in 3, 40 mL amber VOA vials (VWR TraceCleanTM, amber borosilicate; 0.125-in septa liner), with zero headspace. The samples were filled directly from the sampling port with no direct contact to the port. Samples were immediately put on ice in the field and were refrigerated upon arrival at LLNL.
Water samples for boron analysis was collected using 50 mL plastic centrifuge tubes. The centrifuge tubes were rinsed three times directly from the sampling port before obtaining the final sample. These samples were stored at LLNL at room temperature.
Water samples for carbon-13 was collected in 40 mL amber VOA vials (VWR TraceCleanTM, amber borosilicate; 0.125-in septa liner), with zero headspace. These samples will be filtered using the same filtration method as sulfur-35. They will be put on ice in the field and will be refrigerated upon arrival at the lab.
Water samples for major and trace cations will be collected in 125 mL plastic Nalgene bottles. The water samples will be filtered using the same filtration method for sulfur-35. The bottles will be rinsed three times before collection of the final sample. Samples will be put on ice in the field, are to be acidified with ultra-pure nitrate acid to a pH of 2 and refrigerated upon arriving at the lab.
Large volume (2000-4000 L) samples were collected for 85 Krypton analysis using a membrane contactor gas extraction system (GES) as described in Visser et al., 2015. Figure 2: Map showing production wells in Turlock, CA which were sampled for age and nitrate tracers.
Hydrogeologic Setting
The Turlock groundwater basin is characterized as a subbasin of the San Joaquin Valley Groundwater Basin. Unconsolidated and consolidated sedimentary deposits are the main hydrogeologic units that make up the Turlock Subbasin (TGBA, 2008) .
The Ione Formation, the Valley Springs Formation, and the Mehrten Formation make up the consolidated deposits. They are listed in decreasing age with the Ione Formation being the oldest (Eocene Epoch) and the Mehrten Formation being the youngest (Miocene to Pliocene Epochs). The Mehrten Formation is predominately composed of andesitic tuff and gravel. Rhyolitic ash and clay are the main lithologies of the Valley Springs Formation. The Ione Formation is primarily made up of sandstone clay (Arkley, 2009) . These formations are located in the eastern region of the Subbasin and produce little water to wells, however, the Mehrten Formation is a significant aquifer that typically yields large amounts of water to wells (TGBA, 2008) .
The unconsolidated deposits that cover the Mehrten Formation are the Turlock Lake Formation, the Riverbank Formation and the Modesto Formation. These deposits are listed in in decreasing age with the Turlock being the oldest (late Pliocene to early Pleistocene), and the Modesto Formation the youngest (late Pleistocene). The main lithologies of these formations are granitic sands above stratified silt, and sands (Arkley, 2009) . Both the Turlock and Modesto Formations contain lake and floodplain deposits that act as aquitards. The Corcoran Clay is a major aquitard within the Turlock Formation. This aquitard is the uppermost portion of the Turlock Formation and is in contact with the Riverbank Formation, however, it is only found in the western section of the Turlock Subbasin. The Corcoran Clay separates the upper unconfined aquifer and the lower confined aquifer. The upper unconfined aquifer is the water table aquifer and is approximately 150 feet thick. This aquifer supplies the western part of the Subbasin with water for agriculture and private domestic wells. The unconfined aquifer provides water for wells that have depths less than 200 feet. The confined aquifer is found in deeper hydrogeologic units and is under pressure by the Corcoran Clay. The aquifer is semi-confined on the eastern side of the Subbasin. This aquifer provides a large amount of water for agriculture and municipal purposes. Wells that are deeper than 200 feet are generally supplied by this aquifer (TGBA, 2008) . A cross-section of the Turlock Subbasin is shown in Figure 3 .
Groundwater levels in Turlock have decreased substantially over the last 40 years. The water table has dropped over 100 feet since the 1970's due to a change of rangeland to permanent crops as well as residential and industrial demands (Sbranti, 2013) . Between 1997 and 2006, groundwater storage decreased by an estimated 21,500 acre-feet/year (TGBA, 2008) . Irrigation from the Tuolumne River is the largest contributor of inflow to the groundwater basin and is essential for sustaining groundwater storage. 
Climate
Turlock has a Mediterranean type climate, which is characterized by dry, hot summers and wet, cool winters. Precipitation mainly occurs between November and March. In this part of the region, rainfall varies each year, with the average annual precipitation approximated to be 11-13 inches. Since most of the precipitation occurs in the winter, a majority of crops and orchards are dependent on irrigation during the remaining seasons. Although rain fall does not completely fulfill water demands, it does add to groundwater recharge. Thus, the groundwater system will have some component of water that originated from precipitation.
Land Use and History
Turlock's history is rooted in agriculture. Farming began in the mid 1800's, and agricultural activities intensified in 1887 with the creation of the Turlock Irrigation District. Turlock was incorporated as a town in 1908, with the original downtown centered around the railroad station. Trains and refrigerated shipping enabled farmers to advance the regions agricultural practices. The first crop census conducted in 1904 showed that 98% of Turlock's irrigated farmland was alfalfa (Fradkin, 1997). As Turlock urbanized, the city expanded outward, and farmland became residential and commercial areas. Figure 4 shows the growth pattern of Turlock from 1907 to 2008. Currently, there are 8,900 acres within city limits and an additional 5,800 acres of land outside the city limits that are contained within Turlock's Planning Area. Land use is dominated by agriculture in the Planning Area, with over 6,260 acres (43%) of total land use (City of Turlock, 2012). Regional crops include almonds, grain/hay, truck and berry crops, and other nuts and fruits, with almonds covering over 155,000 acres in Stanislaus County -by far the largest in size and revenue (SCACR, 2012) . Public Water Supply Wells The City of Turlock is entirely dependent upon groundwater for its municipal and industrial supply with 16(?) active wells fulfilling the demand. The criterion for choosing study wells was based on getting spatially distributed wells, including a distribution that covers the depth range that is tapped by the public supply wells. Well screen information is shown schematically on figure 5. Public supply wells with long and variable well screen intervals typically exhibit broad age distributions that result from mixing of water, either in the wellbore or in the aquifer, or both. 
Results and Discussion
Field Parameters, Stable Isotopes of Water, and Major Ions
Results of parameters measured in the field are shown in Table 2 . Of note are dissolved oxygen levels between 2.4 and 3.8 mg/L, and specific conductance levels between 0.264 and 0.378 mS/cm, except for Well 36. Well 36 stands out as having higher specific conductance, very low dissolved oxygen, and a somewhat higher discharge temperature than the other wells. (The low pH observed in Well 35 is not apparent in historical data from GeoTracker.) O and -81.4‰ for D, close to the global meteoric water line and significantly lighter than the values expected for local rain water in the Turlock area ( Figure 6 ). The stable isotopes clearly indicate that the groundwater produced at these drinking water wells derives from Sierra Nevada runoff, which is transported to the Central Valley by perennial rivers including the Tuolumne River. 
Nitrate, Excess Nitrogen, and Isotopes of Nitrate
Nitrate concentrations range from 15 to 38 mg/L as NO 3 -(except in Well 36 which has a concentration of 1.1 mg/L) and the concentrations measured at LLNL agree closely with recent values from the CDPH database on GeoTracker (Figures 8 and 9 ). GeoTracker data reveal increasing trends for nitrate in wells 4, 8, 14, 32, 35, and, recently, in Well 29 (figure 9), which are a cause for concern with respect to the drinking water supply. There are several lines of evidence for a low natural, or background nitrate concentration for the Turlock area. Visser et al. (2012) examined nitrate concentrations in wells that produce groundwater that recharged more than about 60 years ago (identified by tritium concentrations below the detection limit) that also produce non-anoxic groundwater (to filter out groundwater that may have experienced denitrification), and found that the median nitrate concentration was only 3 mg/L for Central Valley wells. Furthermore, the low concentration measured in Well 36, and low starting concentrations for several of the wells, indicate that pre-modern nitrate concentrations were likely only 1-2 mg/L. Increases in nitrate observed in wells over the last few decades can therefore be attributed to anthropogenic sources. O-NO 3 value of +5.2‰). Most of these values fall in a range of overlap that includes ammonium fertilizer, soil N and animal waste sources. The isotope results are consistent with an inorganic fertilizer source, which is likely, considering the land use history in the Turlock area and the requirements for inorganic N fertilizers for the main crops (originally, mainly alfalfa and more recently, almonds). However, it is likely that any denitrification takes place in the vadose and not in the saturated zone. The evidence for concluding that saturated zone denitrification is not important comes from measurement of dissolved excess nitrogen, the end product of denitrification. Major dissolved gas species including nitrogen and argon were analyzed by membrane inlet mass spectrometry (MIMS), which allows a distinction to be made between atmospheric nitrogen and nitrogen from saturated zone denitrification. Measured nitrogen to argon ratios are consistent with atmospheric ratios. As shown on figure 8, excess nitrogen concentrations are quite low and could be zero within the propagated uncertainty of the measurements. Denitrification requires the presence of an anaerobic environment and an electron donor, usually organic Carbon. In the Turlock samples, dissolved oxygen is present at the 2-3 mg/L level in all but Well 36 and total organic Carbon concentrations are low, at ≤1 mg/L. Since conditions are not conducive to denitrification, once nitrate reaches the water table, it likely moves conservatively in this aquifer system. Well 36 presents a special case inasmuch as dissolved nitrogen was detected in excess of atmospheric nitrogen, however the most likely source of the additional nitrogen is magmatic, rather than from denitrification (see further discussion of magmatic gas signatures below).
Age Tracers and Age Distributions
The shortest lived of the applied tracers, 35 S, was not found above the detection limit in any of the samples. This result indicates that the 7 wells sampled for this isotope do not produce water that entered the saturated zone within an approximately 18 month period prior to sampling. Considering the deep top perforations of the wells, this is not a surprising result.
The tracer with the next longest half-life, 85 Kr, likewise was not found above the detection limit in any of the 5 wells sampled for this isotope. Based on the detection limit of x, this result means that at most 14% of the produced water recharged the aquifer within the last 20(?) years. This result provides an important constraint on the groundwater distribution and the projected response time for changes in nitrate loading to be observed at the wells.
Tritium was analyzed in all nine samples and was found above the detection in all but Well 36 (figure 11). Concentrations above the detection limit fall into two groups, between 2 and 3 pCi/L and between 4 and 6 pCi/L. All of the results are well below the tritium concentration of 10.2 pCi/L observed in the present-day Tuolumne River (Harms, 2015) , which is the presumed main source of recharge. Still, detectable tritium in 8 of 9 wells indicates that some portion of the produced water recharged the aquifer system after 1950. Tritium-helium groundwater ages, shown on figure 12, are calculated by the method described in Visser et al., 2014 . In Turlock samples, low tritium concentrations, high terrigenic helium concentrations, and small mantle helium contributions in several samples lead to large uncertainties in the calculated ages. Figure 12 , which shows the relationship between predicted tritium 
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concentrations for the year of recharge and tritium measured in precipitation, with all but one sample falling well below the precipitation curve, makes clear the large amount of dilution of tritiated groundwater by tritium-dead groundwater. In spite of the significant differences in tritium concentrations and high uncertainties for some samples, mean, apparent tritium-helium groundwater ages, fall in a relatively narrow range between 39 and 57 years for 7 of 8 samples for which ages could be determined. Tritium concentrations are therefore affected by the bomb pulse, in addition to be being strongly affected by dilution with tritium-dead groundwater. The modern groundwater component in these samples (present in all except Well 36) therefore has a mean age of almost 50 years, on average, and comprises a minor fraction of the groundwater, as discussed below.
Figure 12.
Determining the mean, apparent age of pre-modern groundwater is fraught with even greater uncertainty than calculating the tritium-helium age of modern groundwater. The applicable tracers, radiogenic 4 He and 14 C, are complicated by a poorly known production rate and by subsurface reactions that affect dissolved inorganic carbon, respectively. In addition, magmatic He and CO2 are detectable in some samples. Figure 13 is a graphical representation of the expected trends in helium isotopes for the various components in groundwater (atmospheric including excess air, tritiogenic, and terrigenic including magmatic and crustal (or terrigenic)) starting with initial values at 1, 1. Turlock samples fall predominantly along the radiogenic trend, with small excursions above the line that can be attributed to tritiogenic and/or mantle components. The y-intercept of the sample trend corresponds to the local, terrigenic helium ratio, in this case 6.2x10 -7 . Terrigenic helium concentrations range from 124% to 8831% of equilibrium He. The terrigenic helium concentrations are corrected for tritiogenic contributions to helium, but not for magmatic contributions. If a generic crustal accumulation rate of 1x10 -11 ccSTP/g/yr is applied to these concentrations, then radiogenic 4 He ages between 5.6ka and 40.3ka (and 401ka for Well 36) are indicated. This simplified calculation of groundwater age does not take into account the variable rates of 4 He production or release into water, which have been documented in many settings. Complex reactions between atmospheric CO 2 dissolved in groundwater, soil organic matter, and Ccontaining minerals dictate the DIC concentration and C isotopic composition of groundwater at the water table. Therefore, in addition to the reaction of interest for dating groundwater (decay of 14 C in DIC), subsequent reactions, especially water-rock interaction with carbonate minerals, affect the isotopic composition of DIC. 14C ages of groundwater are generally considered highly uncertain because these chemical reactions are poorly understood in most settings and are site specific. In particular, determination of the 'initial' activity at recharge is complex. An uncorrected age assumes an initial 14 C activity of 100 pmC, but much lower activities have been observed near recharge areas, especially beneath thick vadose zones or in strongly reducing conditions (Izbicki…).
Schemes developed for adjusting the measured radiocarbon activity for the thermodynamically favorable mass transfer reactions, such as those applied in NETPATH (Plummer et al., (1994) , require (Davis and Bentley, 1982; Izbicki and Michel, 2004) . Except for Well 26, measured d13C values are all close to -14.7‰ (average -14.73‰, s.d. 0.23‰). The homogeneity of d13C and the fact that -14.7‰ is in line with the predicted value for DIC in an aquifer system in which DIC is derived roughly equally from atmospheric CO2+soil organic CO2 and carbonate dissolution suggests that inorganic carbon is in equilibrium with the aquifer materials at all wells. Furthermore, since this study did not sample any recent recharge, estimating initial chemical and isotopic compositions for is not practical. Therefore, the apparent, uncorrected radiocarbon age shown in Table 3 was calculated assuming an initial 14C activity of 100 pmC and a decay constant of 1.21x10 -4 yr -1 (half-life 5730 years). Variability in 14C ages likely relates more to mixing of varying proportions of old water rather than variability in the age of the old water component. 14C samples prepared by extracting DIC from aqueous samples on a vacuum line were determined to be contaminated by modern C. However, results from GES and aqueous samples fall along a straight line, allowing samples not collected using the GES to be corrected using the linear relationship. One additional piece of evidence comes from noble gas recharge temperatures, which fall between 16.1C and 18.3C (close to the mean annual air temperature of 17.0C for Turlock), except for Well 36, which has a calculated noble gas recharge temperature of 14.6C. The 3C difference may indicate that recharge that took place under cooler climate conditions, at the end of the last glacial period, about 10,000 years ago. Alternatively, pre-development recharge via spring floods may have been colder than modern recharge, which is now dominated by summer and fall irrigation return flow.
In spite of the uncertainties in the ages of the old components of groundwater in Turlock wells, one can say with certainty that Well 36 does not contain modern groundwater, that modern water is present in all other wells, that pre-modern groundwater is present in all wells, and that a significant portion of the groundwater recharged before human activity altered the hydrologic system. Both 4He and 14C point to mean, apparent ages mostly in the 2 to 10 thousand year range. The significance of the presence of pre-modern groundwater is that it contains very low nitrate concentrations, reducing the nitrate concentrations observed in all wells to levels below what would be observed if only modern groundwater were tapped by these wells.
Patterns in age tracer results show relationships to both depth and location for these wells. The example of Well 36, which has a top screen at a depth of 290ft msl and is located in portion of the basin where the Corcoran Clay acts as a confining unit, suggests that the deep, western portion of the basin is isolated from the influence of modern water. In contrast, well 8, on the eastern side, though having a top screen at 350 ft msl, contains some modern water and is experiencing slowly increasing nitrate concentrations. Well 14, on the east side with a top screen at 140 ft msl, has a younger old component (or a smaller fraction of the old component) and is experiencing more rapidly increasing nitrate concentrations.
Lumped Parameter Models and Nitrate Forecasting
The mean apparent ages discussed so far are reported as single values with uncertainties based on the analytical methods, but they do not account for hydrodynamic dispersion or mixing. These ages are sometimes referred to as piston-flow, advective, or Darcy ages. However, mixing by dispersion can lead to very broad age distributions, even in short-screened wells; mixing in wellbores with long open intervals where multiple aquifers are tapped is likely to broaden age distributions even more. Lumped parameter models may be applied to the interpretation of age tracers, by making simplifying assumptions about possible flow patterns that lead to dispersion and mixing. Jurgens (2011) has made available a spreadsheet program, TracerLPM, which is intended for use in evaluating groundwater age distributions based on age tracers measured in groundwater samples.
TracerLPM contains five LPMs that can be used to determine the age distribution for a sample: piston-flow model (PFM), exponential mixing model (EMM), exponential piston-flow model (EPM), partial exponential model (PEM), and dispersion model (DM). Each of these models can be combined with another model to create a binary mixing model (BMM) for 25 possible BMM combinations (Jurgens, 2011) . Models are chosen based on knowledge of aquifer geometry and the hydrogeologic setting. TracerLPM contains decay constants for the tracers applied here, as well as atmospheric input histories for 3H, 85Kr, and 14C. Production and release rates for 4He can be specified by entering U and Th concentrations, and values for aquifer porosity and sediment density.
For Turlock samples, TracerLPM was used in 'Tracer-Tracer' mode to calculate mean ages from model output and to graph sample results along with tracer model output curves. Best fit mean ages and mixing fractions for BMMs are found by minimizing the error between LPM tracer output concentrations and measured concentrations. Results from one scenario, using 3H and tritiogenic 3He as tracers and a BMM comprising PFM and EPM LPMs, are shown in Figure 14 .
Finally, the 'Age Distribution & Forecasting' workgroup was used for graphing age distributions and for predicting nitrate concentrations in individual wells. A nitrate input curve, developed for nearby Modesto, CA, (Jurgens, 2011) was used as an estimate of nitrate loading to the water table. 
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